Somites form along the embryonic axis by sequential segmentation from the presomitic mesoderm (PSM) and differentiate into the segmented vertebral column as well as other unsegmented tissues. Somites are thought to form via the intersection of two activities known as the clock and the wavefront. Previous work has suggested that fibroblast growth factor (FGF) activity may be the wavefront signal, which maintains the PSM in an undifferentiated state. However, it is unclear which (if any) of the FGFs expressed in the PSM comprise this activity, as removal of any one gene is insufficient to disrupt early somitogenesis. Here we show that when both Fgf4 and Fgf8 are deleted in the PSM, expression of most PSM genes is absent, including cycling genes, WNT pathway genes, and markers of undifferentiated PSM. Significantly, markers of nascent somite cell fate expand throughout the PSM, demonstrating the premature differentiation of this entire tissue, a highly unusual phenotype indicative of the loss of wavefront activity. When WNT signaling is restored in mutants, PSM progenitor markers are partially restored but premature differentiation of the PSM still occurs, demonstrating that FGF signaling operates independently of WNT signaling. This study provides genetic evidence that FGFs are the wavefront signal and identifies the specific FGF ligands that encode this activity. Furthermore, these data show that FGF action maintains WNT signaling, and that both signaling pathways are required in parallel to maintain PSM progenitor tissue.
Somites form along the embryonic axis by sequential segmentation from the presomitic mesoderm (PSM) and differentiate into the segmented vertebral column as well as other unsegmented tissues. Somites are thought to form via the intersection of two activities known as the clock and the wavefront. Previous work has suggested that fibroblast growth factor (FGF) activity may be the wavefront signal, which maintains the PSM in an undifferentiated state. However, it is unclear which (if any) of the FGFs expressed in the PSM comprise this activity, as removal of any one gene is insufficient to disrupt early somitogenesis. Here we show that when both Fgf4 and Fgf8 are deleted in the PSM, expression of most PSM genes is absent, including cycling genes, WNT pathway genes, and markers of undifferentiated PSM. Significantly, markers of nascent somite cell fate expand throughout the PSM, demonstrating the premature differentiation of this entire tissue, a highly unusual phenotype indicative of the loss of wavefront activity. When WNT signaling is restored in mutants, PSM progenitor markers are partially restored but premature differentiation of the PSM still occurs, demonstrating that FGF signaling operates independently of WNT signaling. This study provides genetic evidence that FGFs are the wavefront signal and identifies the specific FGF ligands that encode this activity. Furthermore, these data show that FGF action maintains WNT signaling, and that both signaling pathways are required in parallel to maintain PSM progenitor tissue.
genetic redundancy | Spry | T-Cre | axis extension | paraxial mesoderm A central problem in developmental biology is the identification of molecular signals that control the acquisition of differentiated cell fates. In the vertebrate embryo, a critical differentiation event is the formation of bilaterally paired epithelialized segments, called somites, from the presomitic mesoderm (PSM). Somites give rise to the vertebral column as well as skeletal muscle and the dermal skin layers (1) . Defects in somitogenesis cause common human developmental disorders such as abnormal vertebrae segmentation and scoliosis (2) . Somite segmentation occurs in an anterior-to-posterior progression as the embryo elongates, with a new somite emerging periodically from the PSM approximately every 2 h in the mouse.
The prevailing hypothesis for somitogenesis posits two intersecting activities in the PSM, known as the clock and the wavefront (3). Clock activity is characterized by oscillating gene expression that cycles in tandem with somite emergence. The wavefront is an activity gradient, strongest at the caudal end of the embryo, which maintains the undifferentiated PSM; below a critical wavefront threshold, called the determination front, anterior PSM cells differentiate (1) . If cells pass the determination front when clock genes are at a certain point in their cycle, segmentation occurs, resulting in a somite boundary.
Whereas numerous genes in the Notch, WNT, and FGF pathways have been identified as oscillating clock genes, wavefront identity has been more controversial. Initially, Fgf8 was proposed to encode wavefront activity because experimental manipulation of FGF8 levels caused corresponding shifts in the position of the determination front in cultured chick and zebrafish embryos (4, 5) . Moreover, manipulation of downstream components implicated FGF signaling in determination front positioning (6) . However, mouse embryos lacking Fgf8 in the PSM revealed that Fgf8 is not required for somitogenesis (7) . Furthermore, mice homozygous for null mutations in other FGF ligand genes (Fgf3, Fgf5, Fgf15, Fgf17, and Fgf18) expressed in the PSM also show no early somitogenesis defects, or die before somitogenesis (Fgf4) (7) (8) (9) . These results suggest that if FGFs have any function in somitogenesis, loss of individual ligands is compensated for via genetic redundancy.
To circumvent the problem of redundancy, the gene encoding FGF receptor 1 (Fgfr1), the only FGF receptor known in the PSM (10, 11) , was conditionally deleted (11, 12) . These studies demonstrate a strong effect of FGF signaling on controlling clock gene expression and in positioning the determination front. However, FGF signaling was retained during anterior somite formation and progressively lost as somitogenesis proceeded. Perhaps due to this gradual loss, premature differentiation of the PSM, a key predicted outcome of the loss of wavefront activity, was not observed.
WNT signaling has also been proposed to contribute to wavefront activity (13, 14) . Manipulation of canonical WNT signaling also causes corresponding shifts in the determination front (13, 15, 16) . However, in WNT loss-of-function embryos, FGF signaling is also affected. Thus, the observed somitogenesis defects may be primarily due to loss of WNT signaling or to secondary effects on FGF signaling.
To understand the actual role of FGF signaling in somitogenesis, we initiated a comprehensive strategy to inactivate all combinations of FGF ligand genes expressed in the PSM. We report here that inactivation of both Fgf4 and Fgf8 in the PSM results in dramatic shifts in the determination front and the premature differentiation of the PSM. Moreover, the restoration of WNT signaling to these mutants does not restore the determination front. Our data demonstrate that these two FGFs constitute the proposed wavefront activity that maintains the PSM in an undifferentiated state.
Results
We have inactivated Fgf8 pairwise with other Fgfs expressed in the PSM. Null alleles were used where possible. To bypass early lethality, conditional alleles of Fgf4 and Fgf8 (8, 17) were used in combination with the pan-mesodermal T-Cre line (7), which recombines throughout the PSM before the onset of somitogenesis (Fig. S1 ). Compound mutant embryos lacking Fgf8 and either Fgf3, Fgf5, or Fgf17 showed no obvious synergistic defects in somitogenesis. However, compound Fgf8 and Fgf4 mutants have a severe defect in somitogenesis, and we here report our analysis in detail.
Normal Somitogenesis with One Functional Allele of Either Fgf4 or Fgf8. Embryos in which both Fgf4 and Fgf8 had been ablated in the PSM (T-Cre; Fgf4 flox/null ; Fgf8 flox/null ; hereafter "FGF mutants") died prenatally (Fig. 1A) . Embryos with one or more functional alleles of either Fgf4 or Fgf8 (hereafter "control embryos") were viable to birth (Fig. 1A) . Skeletal preparations showed changes in vertebral numbers and homeotic transformations of vertebral identity in some control genotypes (Table S1 ) but otherwise normal vertebral development. Despite previous observations showing that chemical inhibition of FGF signaling reduces PSM length (4, 5) , no difference was seen between control genotypes in the length or extension rate of the PSM ( Fig. 1 B and C) . Collectively, these data demonstrate that a single copy of either Fgf4 or Fgf8 is sufficient for somitogenesis.
Loss of Fgf4 and Fgf8 Ablates FGF Signaling in the PSM. We examined the expression of the FGF-responsive genes (18) Etv4, Spry1, Spry2, and Spry4 in FGF mutant embryos. Expression of these target genes was lost in the primitive streak of gastrulae at bud stages (19) (Fig. 1 D-I ) as well as the PSM during early somitogenesis (Fig. S1 ). Some FGF signaling presumably occurred in streak-stage embryos because it is required for gastrulation onset (8) , but these results show that FGF signaling was ablated substantially before the initiation of somitogenesis. This demonstrates that FGF4 and FGF8 are the critical ligands for FGF signaling in the PSM.
Loss of Fgf4 and Fgf8 Results in Axis Truncation and Abnormal
Somitogenesis. At embryonic day (E)9.5, FGF mutant embryos exhibited multiple abnormalities, including a severely truncated body axis ( Fig. 2 A and B) . Examination of Mox1 expression, a marker of differentiated somites, revealed that a few small and misshapen somites form in the FGF mutants ( Fig. 2 A-B′). At E8.5, FGF mutant embryos exhibited axis truncation and a ventral protrusion ( Fig. 2 E-J), which consistently expressed Brachyury and Shh on its anterior surface (Fig. S2) , and variably also expressed somite markers (Fig. 2 E-J) . This suggests that this protrusion is formed by the elongating notochord, but may also contain some paraxial mesoderm.
Normally, somites form in a linear array (Fig. 2C ). By contrast, FGF mutants form misshapen somite-like epithelial condensations that overlap in the dorsal-ventral axis due to abnormal segmentation planes (Fig. 2D) . Markers of anterior (Tbx18) and posterior (Uncx4.1, Dll1) somite compartments are disorganized in FGF mutants, with no clear stripes observed (Fig. 2 E-J) . These data suggest that whereas a somitogenic program initiates in FGF mutant embryos, the resulting somites are malformed and disorganized.
We investigated whether these disordered somites might form from cells that had not undergone Cre-mediated recombination. Examination of R26R-lacZ, a reporter of Cre activity, indicated that all cells contributing to FGF mutant somite-like tissue had indeed undergone Cre recombination and presumably excised Fgf4 and Fgf8 (Fig. 2 C and D) . These data, together with the early loss of FGF-responsive genes ( Fig. 1 D-I ), indicate that these structures form in the absence of FGF signaling.
Loss of FGF Signaling Results in Loss of PSM Markers and Cycling
Genes. To determine the origin of the somite defects, we investigated the expression of genes known to be important in different phases of PSM development. Genes thought to maintain or mark the progenitor population of the PSM, including Brachyury (T), Tbx6, Wnt3a, and Wnt5a, are severely downregulated or absent in the mutant PSM as early as the bud and headfold stages and completely lost by early somite stages (Fig. 3 A-D and G-J and Fig. S3 ). Conversely, retinoic acid (RA) activity, which is thought to promote PSM differentiation (20) , appeared to be up-regulated in the FGF mutants ( Fig. 3 E and  F) . We could not determine whether the RA-responsive domain was also caudally expanded, as predicted by mutual antagonism (20) , because at the relevant stages, RA activity is observed throughout the PSM even in control embryos (Fig. S3) .
To determine whether loss of gene expression was due to tissue loss, we sectioned E7.5 embryos and used TUNEL labeling and anti-phosphohistone H3 staining to visualize cell death and proliferation, respectively. We observed no difference between controls and FGF mutants (Fig. S4) . Additionally, we observed ongoing expression of the undeleted portion of the Cre-recombined Fgf8 allele in FGF mutant PSM, demonstrating that the posterior tissue was present and transcriptionally active ( Fig. 3 K and L) .
Because a few somites form in the FGF mutants, we investigated whether the mutant PSM expressed cycling genes. With a few exceptions described in further detail below, we observed no expression of cycling genes Hes7 (n = 14/14) or Lfng (n = 11/13) in FGF mutant embryos (Fig. 3 M-P and Fig. S3 ).
The Entire PSM Undergoes Somitogenesis in the Absence of FGF Signaling. Although Lfng expression was lost in most mutants, we found that in two out of three late headfold (LHF)-stage mutants it was expanded throughout the PSM immediately before the normal onset of somitogenesis (Fig. 4 A and B) . In wild-type embryos, Lfng expression has two separately regulated domains: cycling waves in the posterior PSM, and a stripe in the rostral half of the newly forming somite (21) . The absence of other cycling genes inspired us to speculate that this abnormal Lfng expression represented a general expansion of anterior fates in the mutant PSM.
To test this idea, we examined Fgf18 expression, which is normally observed in the forming somite and anterior PSM (22) . The Fgf18 domain is indeed expanded throughout the FGF mutant PSM in early headfold (EHF) and LHF stages (Fig. 4 C  and D) . No expression of Fgf18 is observed at earlier or later stages (Fig. S5) . These data together suggested that the entire mutant PSM had acquired anterior PSM fate by the LHF stage.
We then asked whether the expansion of anterior PSM fates led to expansion of somitogenic differentiation. We examined Mesp2, which initiates segmentation of the forming somite and (Fig. 4 E and F) . This Mesp2 expansion is transient, occurring only between LHF and one-somite stages and ceasing thereafter (Fig. S5) , consistent with its normal rapid downregulation via a negative feedback loop (23) . We further confirmed the somitic differentiation of the mutant PSM by examining the somite marker Mox1. Normally, Mox1 is excluded from the PSM, but in FGF mutants, Mox1 is expressed throughout the posterior of the embryo (Fig. 4 G and H) . Thus, in FGF mutants, the entire PSM expresses genes typical of normal somitogenesis, supporting the hypothesis that FGF4 and FGF8 signaling comprises the wavefront activity, which would normally repress somitic differentiation in the posterior PSM. Interestingly, despite the simultaneous differentiation of the mutant PSM, a marker of somite polarity, Uncx4.1, still appears in a rostral-caudal progression (Fig. S5) . (Fig. 3 G-J) , suggesting that the WNT pathway is downstream of FGF signaling. Conversely, loss of WNT signaling, which similarly halts axis extension and somitogenesis, reciprocally results in the loss of FGF gene expression (13, 16) . This reciprocal and complementary down-regulation prevents the determination of which signal is the wavefront.
To dissect the requirements for FGF and WNT signaling, we restored WNT signaling to the PSM of FGF mutant embryos using a conditional gain-of-function (GOF) Ctnnb1 allele (24) . The recombined allele produces constitutively active β-catenin in the PSM, producing "WNT GOF" embryos (13, 16) . By introducing this allele into the FGF mutant background (T-Cre; Fgf4 flox/null ; Fgf8 flox/null ; Ctnnb1 lox(ex3)/+ ), we maintained canonical WNT signaling in the PSM of FGF mutants, generating "WNTrestored" embryos. We confirmed that WNT signaling had been restored to the mutant PSM before the onset of somitogenesis by examining Sp5, a direct target of canonical WNT signaling (25) (Fig. 5 A-D) .
As previously reported, WNT GOF embryos display an expanded PSM (13, 16) , although this effect is modest at early stages ( Fig. 5 F, J, and N) . However, in WNT-restored embryos this expansion did not occur, although some markers of PSM progenitor populations were partially rescued. Compared with FGF mutants, WNT-restored embryos show limited up-regulated Brachyury and Tbx6 expression in the primitive streak and PSM (Fig. 5 E-L and Fig. S6 ). These data suggest that WNT signaling can partially activate the expression of PSM progenitor genes but cannot maintain robust target gene expression without FGF signaling. Furthermore, WNT-restored embryos truncate at a similar axial level as FGF mutants, indicating that WNT signaling is insufficient to rescue PSM elongation (Fig. S6) .
Consistent with this observation, WNT-restored embryos show the same caudal expansion of Lfng and Mox1 expression as FGF mutants (Fig. 5 M-T) , indicating that even when WNT signaling is maintained in the PSM, the loss of FGF signaling results in the lack of wavefront activity and premature PSM differentiation. Therefore, FGF4 and FGF8 signaling acts as the sole mediator of wavefront activity.
Discussion
Here we show that the PSM-specific inactivation of Fgf4 and Fgf8 before the onset of somitogenesis results in embryonic axis truncation and premature differentiation of the entire PSM. This establishes that signaling via FGF4 or FGF8 is required for the suppression of differentiation in posterior PSM and is synonymous with the wavefront. This study therefore lays a foundation that extends earlier data from cultured embryos (4, 5) and provides a basis for genetic investigation of wavefront activity and mechanisms of somitogenesis.
In FGF mutant embryos, markers of somitic differentiation are expressed only at the early headfold to one-somite stage, after which they disappear. Given that the embryo truncates immediately thereafter, this single wave of differentiation appears to be the origin of the later abnormal somites. Our observation that Mesp2 expression, which determines segmentation boundaries (1), is expanded throughout the mutant PSM suggests that multiple cleavage planes form simultaneously, resulting in an abnormal cluster of somites. Conversely, we also observe that the appearance of a somite polarity marker, Uncx4.1, is progressive in FGF mutants, suggesting that complete differentiation does not occur simultaneously in the entire PSM. Premature differentiation of the PSM is also presumably responsible for axis truncation in the absence of cell death; progenitor cells that normally elongate the axis instead assume somitic fate.
Our previous work showed that Fgf8, widely thought to be indispensable for somitogenesis (1, 26) , is not required for this process (7). Here we observe that Fgf4 likewise is not required for somitogenesis per se. However, embryos with one functional Fgf8 allele and lacking Fgf4 (T-Cre; Fgf4 Table S1 ), suggesting that Fgf4 plays the greater role in generating vertebral position information.
Fgfr1 is the only FGF receptor gene thought to be expressed in the PSM (11) . However, three publications analyzing conditional Fgfr1 inactivation in the mouse describe loss of FGF signaling and somitogenesis defects that are milder and occur later than in our mutants (11, 12, 27) . Importantly, one of these studies also used T-Cre, making it directly comparable with our study (11) . This discrepancy between phenotypes may be due to inefficient Cre excision at the Fgfr1 locus, extraordinary stability of FGFR1 protein after gene excision, or expression of another FGF receptor at levels undetectable by in situ hybridization. Regardless of cause, T-Cre; Fgf4; Fgf8 mutant embryos provide a system in which loss of FGF signaling before the onset of somitogenesis has been evaluated.
Interestingly, FGF signaling is lost (as shown by the downregulation of Etv4) despite the ongoing expression and even expansion of two other FGFs, Fgf3 and Fgf18 (Fig. S7) . It is possible that in the absence of FGF4 and FGF8, other FGF ligands are insufficient to activate the pathway; this is analogous to the limb bud, where Fgf4 and Fgf8 are required despite the expression of other FGF ligand genes (17, (28) (29) (30) . Alternately, it is possible that other FGFs in the PSM are acting via noncanonical modes of FGF signaling, such as activation of the PLCγ pathway, which do not activate classical FGF signaling markers (31) (32) (33) .
We cannot identify the wavefront activity solely from our FGF mutants or previously studied WNT loss-of-function mutants (13, 16) because there is a loss of gene expression of key ligands in one pathway when the other pathway is genetically ablated. However, restoration of canonical WNT signaling in FGF mutant PSM partially restored expression of progenitor markers Tbx6 and Brachyury, a direct WNT target (34), but did not rescue the premature differentiation of the PSM or axis extension. Together, these observations suggest a model in which FGF signaling and WNT signaling are mutually reinforcing, forming a positive feedback loop in the PSM and functioning in tandem to maintain PSM progenitors (Fig. 6) . Additionally, FGF signaling has longer-range functions as a suppressor of somitogenesis (i.e., the wavefront). This model predicts that the axial truncations observed in FGF mutants, WNT-restored mutants, and WNT loss-of-function mutants are due to the premature somitic differentiation of PSM progenitor tissue that would normally proliferate to allow axis extension. Our data also demonstrate that the expansion of the PSM in WNT GOF embryos (13, 16 ) is FGF-dependent, and suggests that the axis truncation occurs slightly later in WNT loss- of-function embryos than in FGF mutants because of the later, secondary, loss of FGF signaling (13, 16) .
In the normal embryo, somitogenesis initiates at approximately the same time that the embryonic axis starts to rapidly elongate. Prior work in other systems has shown that FGF signaling is sufficient to initiate gene oscillations that propagate to regions of lower FGF expression (35, 36) , and our work has shown that FGF signaling suppresses PSM differentiation. It is therefore tempting to speculate that initiation of somitogenesis is triggered when the axis has elongated sufficiently such that the anterior PSM no longer receives FGF signals, which permits both the translation of local oscillations into the propagating wave of the clock and the differentiation of the anterior PSM as it leaves the wavefront. However, our evidence does not support this hypothesis. We observe the complete loss of FGF signaling in bud-stage FGF mutant embryos, whereas we do not observe the onset of somitic differentiation until the LHF stage, when somitic differentiation would normally initiate. This represents a gap of ∼6 h of development (19) between the loss of FGF signaling and the onset of somitic differentiation, suggesting a separate, currently unknown, permissive signal that initiates the somitic program within the PSM.
Finally, this study has implications for the role of Fgf4 and Fgf8 in vertebrate evolution. It is now clear that FGF4 and FGF8 are the principal FGFs required for both axis extension and limb bud outgrowth (29, 37) . Both genes are also expressed in the genital tubercle (GT), and whereas GT-specific inactivation of Fgf4 and Fgf8 shows that they are dispensable for GT outgrowth, this may be due to increased activity of other ligands (38) . Furthermore, in all three systems, FGF activity is regulated by WNT signaling (38, 39) , and the coordinate WNT/FGF signaling system may have evolved in early chordates to link the somite clock to body axis extension (40) . These data support speculations that programs controlling axis and tail extension have been co-opted over the course of evolution to control the outgrowth of multiple appendages (41, 42) .
Materials and Methods
Mouse Strains and Embryo Harvesting. Previously described mice carrying conditional mouse mutations (Fgf8, Fgf4, Ctnnb1
, R26R-lacZ) or transgenes (T-Cre, RARE-lacZ) were used and genotyped as described (7, 17, 24, (43) (44) (45) . Mice were maintained on a mixed genetic background. Embryos harvested on E7-E8 were precisely scored using the Downs and Davies staging criteria (19) or by somite count. Embryos deficient for somite development were scored by comparing headfold development with littermates.
Marker Analysis. In situ hybridization and lacZ staining were performed via standard techniques (46, 47) . At least four embryos of each genotype were observed for each marker.
Morphometric Analysis. Fixed, unstained embryos were photographed and the PSM length was determined by using ImageJ (http://rsbweb.nih.gov/ij) (Fig. 1B) .
Skeletal Preparations. Embryonic day 18.5 to postnatal day 1 skeletons were prepared using standard techniques (47) . Fig. 6 . Proposed model for FGF and WNT signaling roles in somitogenesis. FGF signaling (in red) and WNT signaling (in blue) reciprocally up-regulate each other. Both pathways help maintain the PSM progenitor population. FGF signaling separately inhibits somitic differentiation. As the axis extends, PSM cells become displaced more anteriorly relative to the sources of FGF signaling, pass the determination front, where FGF signaling is attenuated below a threshold, and initiate somite segmentation.
